Most attention about the acoustic effects of marine survey sound sources on marine mammals has focused on airgun arrays, with other common sources receiving less scrutiny. Sound levels above hearing threshold (sensation levels) were modeled for six marine mammal species and seven different survey sources in shallow water. The model indicated that odontocetes were most likely to hear sounds from mid-frequency sources (fishery, communication, and hydrographic systems), mysticetes from low-frequency sources (sub-bottom profiler and airguns), and pinnipeds from both mid-and low-frequency sources. High-frequency sources (side-scan and multibeam) generated the lowest estimated sensation levels for all marine mammal species groups.
Introduction
Regulatory agencies, environmental advocacy organizations, the navies of the United States and Great Britain, the oil and gas industry, and others recognize that sound sources used to support various human activities have the potential to harm or disturb marine mammals in some circumstances. Certain sound sources, such as powerful mid-frequency sonars used by naval vessels and airguns used by the oil and gas industry, have attracted more attention than the multitude of other sound sources used in the world's oceans, but other sound sources warrant further consideration. Recent studies have examined the audibility of detonations 1 and ultrasonic transmitters 2 to marine mammals. In this Letter, we compare estimated marine mammal sensation levels (i.e., levels above hearing threshold) of sounds from seven commonly used acoustic survey sources, including six electromechanical projectors and one small airgun array ( Table 1) .
The scope of this study has been limited to a standardized sound propagation environment with a constant and relatively shallow (40 m) water depth, an isovelocity sound profile, and a topographically uniform profile of seafloor geoacoustic properties. This approach allowed a functionally consistent set of acoustic sources to be selected and compared under a single set of sound transmission conditions. The beam pattern of each source was modeled based on manufacturer specifications and supplemented by transducer theory. The lateral source output along the azimuth of maximum signal strength was used as input to a computational propagation model suitable for the frequency range of each source. A parabolic equation model was used for airguns and a beam-trace model was used for electromechanical sources. To estimate sensation levels for six species of marine mammals, sound pressure levels (SPLs) predicted by the propagation model were weighted according to hearing sensitivity and auditory integration time.
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Acoustic source modeling
Electromechanical sources use directive transducers to focus beams of sound energy toward a specific target. We modeled the far-field pressure directivity patterns of circular and rectangular elements using well-known formulas from transducer theory: 3
where u is the angle from the transducer axis, U is the À3 dB beam width of the transducer, in degrees, and J 1 is the Bessel function of the first kind. Directivity patterns were modeled by superimposing the contributions of one or more discrete elements, according to Eqs. (1a) and (1b). Transducer theory is only generally applicable in front of a transducer head, since the backing structure limits acoustic radiation in the back half-space (u > 90 ); we applied therefore an attenuation factor so the pressure level directly behind the transducer was 40 dB lower than the pressure level in the direction perpendicular to the main beam. This approach does not assume any shading of the transducers; as such, it is expected to provide a conservative estimate of spatial side lobe leakage. All electromechanical sources, except the subbottom profiler which produces a multi-tonal chirp signal, were assumed to be singlefrequency sources. This assumption is reasonable because these sources typically have highly resonant transducers (Q $ 10) that only emit in a very narrow frequency band. 3 Airguns use the rapid release of compressed air to generate low-frequency pulses in water. Multiple airguns are towed in planar arrays to direct sound energy toward the seabed. For this study we considered a small 4 Â 40 in 3 airgun array, laid out in a 0.8 Â 2.5 m T-shaped configuration and towed at 2.5 m depth. We used a physical model of airgun bubble oscillation and radiation 4 to compute broadband source levels for the airgun array in 1/3-octave bands from 5 Hz to 2 kHz. An array of this size would typically be used for a two-dimensional geotechnical survey rather than a three-dimensional (3D) hydrocarbon exploration survey. Source levels for a full 3D survey array would be approximately 10 to 15 dB higher than what was modeled here.
Sound propagation modeling
We modeled sound propagation in a 40-m-deep waveguide, with constant sound speed profile (c ¼ 1500 m/s) and bottom composed of sandy sediment (grain size / ¼ 2.45, porosity N ¼ 39%) with frequency-dependent geoacoustic profiles estimated using Buckingham's Grain-Shearing model. 5 We computed transmission loss for the airgun array using a split-step Pad e parabolic equation model 6 modified to account for bottom losses due to S-wave conversion, 7 and for the six electromechanical sources using a Gaussian beam-trace model 8 with frequency-dependent volume absorption. 9 Beam amplitudes were shaded according to modeled directivity patterns. We modeled transmission loss for broadband sources (airgun array and sub-bottom profiler) at 1/3-octave band center frequencies, and computed maximum-over-depth SPL for each source in the direction of maximum source strength.
Temporal weighting
For pulsed sounds, frequency, signal duration, and repetition rate strongly influence audibility. The mammalian ear behaves analogously to an energy integrator, which sums sound intensity with a frequency-dependent time constant. 10 Available audiometric data suggest broad similarities between integration times for different species of marine mammals. 11 An integration time of 200 ms has been proposed as a suitable choice for low-frequency sources like airguns, 12 but this would likely underestimate sensation levels above 10 kHz where measured s-values are typically 10 to 100 ms. 11 For this study, we assumed that cetaceans and pinnipeds shared a common frequency-dependent integration time curve, which transitioned from s ¼ 200 ms below 5 kHz to s ¼ 50 ms above 50 kHz (Fig. 1) . We applied an exponential intensityweighting factor, W s , to account for the influence of integration time on the audibility of received pulses: 13
where t is pulse length, T is pulse repetition period, and s is the integration time constant. While this model may overestimate hearing thresholds for odontocetes exposed to mid-frequency pulses with very short repetition periods (T < 100 ms), all sources considered in this study have sufficient pulse spacing that any dependence of s on T can likely be neglected.
Audiogram weighting
We applied audiogram weighting to modeled SPLs for six species of marine mammals, a representative sampling across hearing groups (Fig. 1) . Audiograms for bottlenose dolphin (Tursiops truncatus), harbor porpoise (Phocoena phocoena), beluga whale (Delphinapterus leucas), killer whale (Orcinus orca), and harbor seal (Phoca vitulina) were compiled from summaries of published behavioral data. 14 For the humpback whale (Megaptera novaeangliae), we used a hypothetical audiogram that was estimated based on vocalization frequencies, ear anatomy, and behavioral reactions to sound. 15, 16 At very high frequencies, we extrapolated hearing thresholds for cetaceans and pinnipeds according to the average slope of the audiograms in each of the two groups. At very low frequencies, we extrapolated audiograms based on a 12 dB/octave slope, which is believed to represent mammalian hearing roll-off toward the infrasound range. 17 
Results and discussion
We modeled sound level above hearing threshold as a function of horizontal distance for seven acoustic sources. The resulting curves (Fig. 2) represent estimated sensation levels for six different species of marine mammals and therefore relate to the ability to hear sounds produced by the sources. While this analysis does not directly relate to potential for behavioral response or auditory injury, weighting sounds according to hearing sensitivity allows assessment of relative risks associated with exposures to different sources. 18 Our model shows that low-frequency sources (airguns and sub-bottom profiler) are the most audible sources to humpback whales at all ranges. Mid-frequency sources (fisheries, communication, and hydrographic systems) are the most audible sources to odontocetes at ranges below 3 km, but low-frequency sources begin to dominate between 3 and 10 km. Low-and mid-frequency systems have similar estimated audibility for seals due to their broad hearing range. For all species, modeled sensation levels are lowest for the high-frequency sources (side-scan and multibeam), which operate at the upper limits of the audible spectrum. The estimated zone of audibility for all species is largest for the low-frequency sources (airguns and sub-bottom profiler), which propagate over longer distances relative to the rapidly attenuating high frequencies.
Although animals cannot respond to sounds that they cannot hear, all sources that are audible could, in the right context, elicit behavioral responses. While sensation level alone may not be a good predictor of behavioral responses, 19 it is reasonable to expect that higher levels above the threshold of audibility, in combination with the same contextual setting, would be more likely to elicit responses than lower levels. Thus, according to our model, and assuming a constant contextual setting, mysticetes should be more likely to respond to sounds from low-frequency sources while odontocetes should be more likely to respond to sounds from mid-frequency survey sources than from airguns, at least at certain distances. The harbor seal results indicate that pinnipeds, unlike cetaceans, may be equally likely to respond to both kinds of sources.
Our audiogram weighting calculation assumed negligible sideband leakage for the high-frequency sources (side-scan and multibeam). Because these sources operate at the upper end of the audible spectrum, even a small amount of sideband leakage could result in higher sensation levels than our model predicts. Nonetheless, modeled sensation levels for these systems were so far below the other sources that we would not expect even a moderate increase to change their comparative ranking.
Our model did not consider sensation levels in the presence of background noise. Clearly, at least natural ambient noise and the sounds generated by the vessels associated with the modeled sound sources will be present. Calculating masked thresholds in the presence of other sounds requires careful consideration of critical bands and prevailing background conditions. The true threshold of audibility in the presence of background noise is specific to species, sound sources present, and location. Qualitatively we expect background noise will more readily mask wide-band sounds (e.g., from airguns) than narrowband sounds (e.g., from sonars) because less sound energy is concentrated inside a single critical band. Further investigation would be required, however, to quantify how the many sounds often present in the ocean would affect the audibility of the sources considered here.
